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Summary 
 
Cu2ZnSnS4 (CZTS) is considered to be one of the most promising light absorbing 
materials for low cost, high efficiency thin film solar cells. Compared to conventional 
CuIn(S, Se)2 (CIS) and Cu(InGa)(S,Se)2 (CIGS) as well as CdTe light absorber, CZTS is 
only composed of earth-abundant non-toxic elements, ensuring the price competitiveness 
of this kind of solar cell in the future PV market. However, the research in this area is 
very limited compared to CIS and CIGS. Detailed studies of both the material and the 
device are rare, which significantly restricts the development in this area.  This paper 
reviews the progress in the research field of CZTS, particularly the methods which were 
employed to prepare CZTS absorber material.  
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1. INTRODUCTION 
 
The potential of Cu2ZnSnS4 (CZTS) as light absorber for solar cells was discovered 20 years ago by Ito 
and Nakazawa who prepared CZTS films by atom beam sputtering and studied the optical and 
electrical property [1]. Compared to the much successful thin film material CuInS2 (CIS) and 
Cu(InGa)(S,Se) (CIGS),  CZTS did not raise much attention until recently due to the issues of the 
availability of the rare element indium used in CIS and CIGS, which limits the production capacity of 
the chalcogen-based technologies. CZTS has similar structure to CIS but employing earth abundant Zn 
and Sn instead of In. The comparison of the abundance of the elements used in CIS and CZTS in earth 
crust is illustrated in Figure 1. As can be seen, the content of Zn (75 ppm) and Sn (2.2 ppm) is about 
1530-fold and 45-fold of the content of In. More importantly, CZTS has the optimal band gap of 1.5 eV 
which enables a generation of 33% power conversion efficiency according to Shockley-Queisser 
theory. As a direct band gap semiconductor , CZTS has strong optical absorption (absorption 
coefficient is above 1× 10 4 /cm), thus  a very thin layer of film (1-2 µm) can absorb over 90% of the 
photons over the spectrum with photon energy higher than the band gap. Due to the merits stated 
above, CZTS as a promising cost effective material for solar cells has begun to be recognized. In 2009, 
three reports on synthesis of CZTS nanocrystal materials were published in J. Am. Chem. Soc. [2-4] 
indicating the importance of this research field.  For the past 20 years, most of the limited studies have 
been focus on making CZTS absorber material due to the challenge in synthesis of single phase 
quaternary CZTS. It has been confirmed both experimentally and theoretically that the region where 
CZTS can be formed is very narrow thermodynamically [5,6]. Significant progress has been achieved 
in the aspect of material synthesis. However, the fundamental studies of mobility of carrier transport 
and diffusion length are very rare. The research on device fabrication and optimization are in the 
preliminary stage and the understanding on the device is very superficial. This paper reviews the 
progress of the CZTS in terms of both material synthesis, characterization and device fabrication.  The 
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approaches employed to make CZTS can be generally classified into vacuum based physical method 
and non-vacuum based chemical method. The following will state each method in detail. 
 
 
Figure 1. Content of element used in CIS and CZTS in earth crust 
 
2.  HIGH VACUUM  BASED PHYSICAL FABRICATION METHOD  
The first reported CZTS material was made by atom beam sputtering in 1988 by Ito and Nakayama and 
they predicated the band gap of the material was 1.45 eV[1]. Through sputtering metal copper, Zinc 
and tin layer by layer followed by annealing in the atmosphere, the author produced CZTS thin film on 
stainless steel substrate. The open-circuit voltage of the cell with the film was 165 mV. Later, by 
annealing the same device in air, the voltage was improved to 250 mV and a short-circuit current of 0.1 
mA/cm2 was obtained [7]. In 1996, Katagiri et al successfully employed electron beam vapour-phase 
sulfurization to deposit precursors of Cu/Sn/Zn stack layer to make CZTS thin film. By using 
CdS/ZnO-Al as window layer and Molybdenum coated soda-lime glass as substrate, they reported 
CZTS thin film solar cell with conversion efficiency of 0.66% [8]. Through nearly seven years’ 
optimization of the fabrication process such as the annealing temperature and duration as well as the 
vacuum condition, the performance of the cell was increased to 5.45% in 2003 by the same group [9].  
By removing the oxides in the CZTS through etching with deionized water, the performance of CZTS 
device was further improved to 6.7%, which is the highest so far for the thin film solar cell with  CZTS 
material made by vacuum based method [10]. Thermal evaporation method in high vacuum condition 
was employed by Friedlmeier to fabricate CZTS thin films in 1997 through evaporation of the metal 
elements and binary chalcogenides. A complete solar cell was made and showed energy conversion 
efficiency of 2.3%. A CdS/ZnO window layer was used in the cell [11]. CZTS thin film made by high 
vacuum based RF magnetron sputtering was reported by Seol et al. in 2003. The refractive index of the 
material was studied and the band gap of the material was reported to be 1.51 eV [12].  
 
3.  NON-VACUUM METHODS FOR FABRICATION OF CZTS THIN FILM 
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The methods for preparation of Cu2ZnSnS4 thin film under non-vacuum condition can be divided into 
three categories: 1) chemical solution based spray pyrolysis and 2) chemical solution based spin-
coating method as well as 3) electrodepostion method. We will discuss about these three methods 
separately. 
 
3.1 SPRAY PYROLYSIS BASED NON-VACUUM METHOD 
Spray pyrolysis deposition (SPD) is widely employed for fabrication of thin-films due to its merits of 
easy to handle of the apparatus and simplicity in fabrication process [13-14]. Nakayama et al firstly 
reported the synthesis of CZTS by spray pyrolysis in 1996 [15]. They prepared liquid solution 
consisting of CuCl (0.02 M), 0.01M ZnCl2 (0.01M), SnCl4 (0.01M) and thiourea (0.08M) in a solvent 
mixture of water /ethanol. The liquid solution was sprayed onto soda-lime glass (SLG) substrate at 
280-360 oC and then  annealed in an atmosphere of Ar gas containing 5% H2S at 550 oC. The 
crystallinity of the film was found to be improved through the post annealing treatment. They found 
that the film was sulphur deficient when prepared with aqueous solution (no ethanol was added). 
However, it is very interesting that it was found that the content of sulphur in the film was increased 
with the increase of ethanol content in water. At 30 vol% of ethanol, a nearly stoichiometric 
composition of sulphur was obtained. Nevertheless, the film obtained was stannite and contained 
ZnSnO3 secondary phases which could not be removed by sulphuration. The conductivity of the 
synthesized CZTS film was around 200 Ohm.cm.  The thermal behaviour of the CZTS film made by 
spray pyrolysis was studied by Madarasz et al in 2001 [16]. They found that excess thiourea was 
necessary in order to prevent the formation of precipitate CuCl(thiourea).0.5 H2O. The influence of 
substrate temperature on the property of the film in spray pyrolysis was investigated by Kamoun et al. 
They found that the best crystallinity of the film was obtained at substrate temperature of 340 oC 
together with an improved optical property [17].  , Kumar et al used the similar chemical solution 
system and investigated the formation of the film over a wider temperature range of the substrate and 
their results showed that a  polycrystalline CZTS films with better crystallinity could be obtained in the 
temperature range of 643-683 K, which is slightly higher than Kamon’s results. The band gap of the 
prepared film was in the range of 1.40-1.45 eV [18]. The same group further investigated the effect of 
starting-solution pH [19] and copper salt and thiourea concentrations on the CZTS film [20].  However, 
sulphides based secondary phases (CuxS or ZnS) were also found in the film.  In all above CZTS film 
made by spray pyrolysis, the application of the film in solar cell was not evaluated. 
 
3.2.  SOL-GEL BASED SPIN-COATING METHOD 
Similar to SPD, sol-gel based spin-coating method employed a chemical solution which contained the 
precursors of CZTS.  A CZTS film covered on SLG glass is made by spin-coating process at low 
temperature. The surface of the film made by this method is very smooth and the thickness of the film 
can be easily adjusted through controlling the number of the spin-coating procedure and the 
concentration of the salts in the solution.  Tanaka et al firstly attempted to employ sol-gel method to 
prepare CZTS film [21]. They prepared chemical sol-gel solution containing Cu(CH3COO)2. H2O, 
Zn(CH3COO)2.2H2O, SnCl2.2H2O in 2-methoxyethanol. A small amount of monoethanoamine was 
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added to the solution to prevent the formation of precipitate. The film was dried in air at 300 oC before 
being annealed in an N2 atmosphere containing 5% H2S at 500 oC.  A complete CZTS solar cell was 
then made by employing CdS as buffer layer and ZnO:Al as window layer[22-23]. The best cell 
showed energy conversion efficiency of 1.61% under AM1.5 illumination with intensity of 100 
mW/cm2 [23]. It is worthwhile to note that two layers of CZTS film was employed to protect the Mo-
coated SLG substrate while keeping the absorber layer at a reasonable thickness. They also showed that 
the thickness of CdS buffer layer executed significant influence on the performance of the solar cells. 
The composition of the CZTS film was Cu poor (Cu/(Zn+Sn)=0.82) and Zn rich (Zn/Sn=1.70). Yeh et 
al also employed sol-gel method to deposit CZTS film on SLG glass from concentrated aqueous 
chemical solution containing chloride of the salts copper (II), Zn(II) and Sn(IV). Without special 
sulfurization treatment, the film annealed at 280 oC was found to have a stoichiometric compostion. 
However, Pin-holes were found in the film [24]. Chemical solution composed of CuI, Zn(CH3COO)2 
and SnCl2 as well as  thioacetamide in pyridine was employed by Fischereder et al to make CZTS film. 
The authors claimed that CZTS material could be formed at temperature at low as 180oC under vacuum 
baking condition. Again the film was slightly Cu-poor and Zn-rich [25].  We have attempted to made 
CZTS material from chemical solution with similar composition to Fischereder’s, however, an oxide 
secondary phase (SnO2) was found in the film besides the CZTS material (See XRD in Figure 2). This 
could be due to the influence of water [26]. Solution based sol-gel method as a vial approach for 
fabrication of CZTS absorber for high efficiency solar cell was reported by T.K. Todorov et al in 2009 
[27]. They employed hydrazine to dissolve the Cu-Sn and Zn chalcogenide-precursor to prepare the 
CZTS absorber material. They also demonstrated the usefulness of a hybrid solution-particle approach 
for preparation of film with grain size comparable to the thickness of film. A 9.6% energy conversion 
efficiency was obtained. This is the best efficiency reported with CZTS solar cells so far. 
 
Figure 2. XRD of CZTS film made by solution based spin-coating (green: CZTS; blue: SnO2) 
 
3.3. ELECTROCHEMICAL METHOD 
   Electroplate based electrodeposition method has been widely employed in both research and 
industrial community to fabrication thin film absorber layer such as CdTe [28]  and CIGS cells. Ideally 
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if all the elements in CZTS can be deposition on the substrated at the same potential, electrodepostion 
will be a cost-effective method for large-scale fabrication. Scragg et al firstly applied such method in 
preparation of CZTS material [29]. After deposition of a stacking layer Cu/Sn/Zn electrochemically, 
the film was covered with a layer of sulphur and was annealed at 550oC in Ar gas. The width of space 
charge region of the film in a three-electrode photochemical cell was investigated and was found  to be 
0.1-0.3 µm and the electron diffusion length was about 0.5 µm. This suggests that it is very important 
to improve the electron diffusion length of the absorber in order to achieve a high efficiency solar cell. 
This can be achieved by reducing the grain boundary and defects. Followed their report, Ennaoui et al 
reported CZTS solar cell with conversion efficiency of 3.4% the absorber of which was made by 
electro-deposition method [30]. Through optimization the fabrication process, Scragg et al also 
reported the 3.2% efficiency of CZTS solar cell [31].  
 
SUMMARY 
Table 1. Summarize the current world record CZTS device fabricated by different methods. As can be 
seen, that both vacuum and non-vacuum methods have shown the possibility of fabricating CZTS film. 
However, the efficiency of the corresponding deice is still low compared to its counterpart of CIS and 
CIGS.  This is due to the limited research effort. The group carrying out the research on CZTS is no 
more than 10 in the world at the moment, which seriously restricts the development of this research 
area. Fortunately, this situation has been changed. More research groups are joining this area. The 
whole scope of CZTS based solar cells need to be exploited including both material synthesis and 
device fabrication. Particularly, it is very important to develop non-vacuum techniques capable of 
producing material without harmful impurities. Detailed understanding of the impurities which are 
detrimental to the performance of the device is necessary in order to improve the performance of the 
device. The materials for buffer layer and window layer used in CZTS device need to be addressed as 
well in future.  
 
Table 1.  Characteristics  parameters of the best performance solar cell with CZTS absorber  made by 
different method 
 
Method          Material              Eff(%)       Voc(V)     Jsc (mA/cm2)      Area(cm2)    Reference 
Spin-coating   Cu2ZnSn(S,Se)4   9.66          0.516      28.6                   0.45                 27 
Sputtering        CZTS                  6.77         0.61        17.9                    0.15                 10 
Electrodepostion CZTS               3.4           0.56       14.8                      0.5                  30 
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